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SECTION  I 
PURPOSE 

This  program  is  intended  to  study  the  feasibility  of  high- 
dielectric -constant  materials  as  resonators  in  microwave  filters, 
and  to  obtain  design  information  for  such  filters.  Resonator  mate¬ 
rials  shall  be  selected  that  have  loss  tangents  capable  of  yielding 
unloaded  Q  values  comparable  to  that  of  waveguide  cavities.  The 
materials  shall  have  dielectric  constants  of  at  least  75  in  order  that 
substantial  size  reductions  can  be  achieved  compared  to  the  dimen¬ 
sions  of  waveguide  filters  having  the  same  electrical  perforn'-u'.cs. 


-  x  - 


SECTION  II 


ABSTRACT 

The  use  of  dielectric  resonators  m  band-stop  filters  is  dis¬ 
cussed.  The  most  promising  application  is  in  TEM  transmission-line 
structures.  The  coupling  between  a  dielectric  resonator  and  a  propa¬ 
gating  TEM  line  is  studied.  Formulas  are  derived  which,  to  an  ac¬ 
curacy  adequate  for  most  applications,  predict  the  external  Q  (Qex)  of 
the  coupled  resonator  as  a  function  of  the  resonator's  parameters  and 
its  position  in  the  transmission-line  cross  section. 

Application  of  the  Qg_  tormulas  to  band-stop  filter  design  is 
investigated.  A  formula  is  presented  expressing  the  required  QfiX 
values  of  the  resonators  m  terms  of  the  elements  of  a  low-pass- 
prototype  filter.  Several  band-stop  filters  were  designed  and  tested. 
Agreement  between  measured  and  theoretical  performance  is 
excellent. 

Additional  dielectric  samples  supplied  by  U.  S.  Army  Elec¬ 
tronics  Laboratories  have  been  measured  in  the  radial-iine  dielec¬ 
trometer.  Among  the  samples  tested  are  several  tnut  are  sigm;\cantiy 
more  dense  than  earlier  samples.  These  dense  samples  exhibited 
dielectric  constants  as  high  as  113.  Q  and  temperature  stability  of 
these  samples  were  also  measured.  The  quality  of  these  samples 
from  the  point  of  view  of  Q  was  found  to  be  comparable  to  the  samples 
tested  previously. 
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SECTION  III 


CONFERENCES  AND  PUBLICATIONS 

A  conference  was  held  at  Rantec  Corporation  on  30  September 
and  1  October  1964,  Mr.  E.  A.  Mariani  of  U.  S.  Army  Electronics 
Laboratories  and  Dr.  S.  B.  Cohn  and  Mr.  E.  N.  Torgow  of  Rantec 
Corporation  attended.  Progress  during  the  fourth  quarter  and  plans 
for  the  fifth  quarter  were  reviewed. 

A  paper  entitled.  "Microwave  Filters  Containing  High-Q 
Dielectric  Re&opa^ors,  '  by  Dr.  Seymour  B.  Cohn  has  been  accepted 
for  presentation  at  the  1965  G-MTT  Symposium. 
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SECTION  IV 


FACTUAL  DATA 


1.  Introduction 

The  emphasis  in  earlier  reports  on  this  program  has  been  on 
design  information  for  band-pass  filters.  Formulas  and  data  have 
been  presenced  for  couplings  between  cascaded  resonators  inside  cut¬ 
off  metal  tubes,  and  for  loading  of  the  end  resonators  by  loops  or 
probes  connected  to  coaxial  terminations. 

During  the  past  quarter  attention  was  given  to  band-ston  appli¬ 
cations.  A  dielectric  resonator  coupled  to  the  H  field  of  a  propagating 
transmission  line  or  waveguide  will  cause  a  sharp  rejection  response 
at  the  resonator's  resonant  frequency.  The  case  of  a  TEM-mode  line 
consisting  of  a  center  rod  or  strip  between  parallel  ground  planes  is 
especially  interesting  because  of  the  ease  of  introducing  and  adjusting 
dielectric  resonators.  Therefore,  this  case  was  analyzed,  resulting 
in  a  simple  formula  for  the  external  Q  of  the  resonator  as  loaded  by 
the  line.  Experimental  data  demonstrated  that  the  formula  is  suffi¬ 
ciently  accurate  for  usual  applications.  Utilizing  this  information, 
several  band-stop  filters  were  designed.  Experimental  performance 
closely  followed  that  predicted  by  theory. 

Additional  dielectric  samples  supplied  by  U.  S.  Army  Elec¬ 
tronics  Laboratories  have  been  measured.  In  several  cases  greater 
densities  and  dielectric  constants  than  those  of  previous  samples  were 
observed.  The  correlation  between  density  and  dielectric  constant  was 
found  to  be  consistent  with  the  trend  of  earlier  tests. 
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2. 


Band-Stop  Filters 


Dielectric  resonators  coupled  to  a  propagating  transmission 
line  will  exhibit  band -stop  (or  band-rejection)  characteristics.  Far 
from  resonance  they  will  be  loosely  coupled  to  the  line  and  will  cause 
very  small  reflections.  In  the  vicinity  of  resonance,  however,  a  di- 
ele  trie  resonator  will  introduce  a  high  peak  of  reflection  loss.  The 
bandwidth  of  this  effect  is  determined  by  the  degree  o..  coupling  of  the 
resonator  to  the  transmission  line. 

In  the  First  Quarterly  Report',  c.  technique  for  measurement 
of  the  unloaded  Q  of  dielectric  samples  was  described  in  which  the 
samples  were  used  as  band-rejection  resonators.  The  resonators 
were  mounted  on  polyfoam  supports  in  WR-284  waveguide.  During 
the  course  of  these  measurements,  it  was  observed  that  very  weak 
coupling  was  obtained  when  the  axis  of  the  disk  resonator  was  parallel 
to  the  axis  of  the  waveguide  and  near  its  center.  Previous  analyses 
during  this  program  have  shown  that  coupling  is  maximum  when  the 
magnetic-dipole  axis  of  the  resonator  is  parallel  to  the  incident  H 
field,  and  is  zero  when  perpendicular.  Since  the  Hz  component  of  the 
dominant  TEjq  mode  in  rectangular  waveguide  is  ~err>  on  the  axis  of 
the  waveguide  and  maximum  at  the  side  walls,  the  observed  behavior 
is  to  be  expected.  When  the  axis  of  the  resonator  is  paraliex  to  the 
transverse  H  field  of  the  waveguide,  maximum  coupling  occurs  at  the 
center  and  minimum  at  the  sides.  Again,  this  is  as  expected  from  the 
transverse-H  distribution  function. 

Typical  values  of  external  Q  for  dielectric  resonators  in  a 
propagating  waveguide  are  shown  in  Table  4-1. 

In  general,  proper  design  of  band-stop  filters  requires  that 
resonators  be  coupled  to  the  line  at  odd-quarter -wavelength  intervals. 
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Table  4-1 


EXTERNAL  Q  OF  RESONATORS  IN  WR-284  WAVEGUIDE 


Sample  Size  -  0.  430"  D  x  0.  220"  L;  er  sa  97 


Sample 

Orientation 

Location 

Resonant 

Frequency 

3-db 

Bandwidth 

Qex 

Axial 

Centered 

negligible 

Axial 

0.  170"  off  WG  axis* 

0.  ^2  Me 

3300 

Axial 

0.420"  off  WG  axis* 

3034 

4.99 

609 

Transverse 

Centered 

3032 

36.3 

83.  5 

*Disolaced  toward  side  wall 


Typically,  3X.  /4  spacings  are  needed  to  prevent  excessive  fringing - 

g 

field  coupling  between  resonators,  which  would  degrade  the  rejection 
response.  Therefore,  the  use  of  dielectric  resonators  in  such  a  struc¬ 
ture  instead  of  external  rejection  cavities  will  not  materially  reduce 
the  over-all  length  of  a  filter.  However,  dielectric  resonators  can 
make  possible  an  over-all  filter  cross  section  the  same  as  the  wave¬ 
guide  itself,  while  offering  high  values  approximately  equal  to  that 
of  external  waveguide  cavities.  Dielectric -resonator  band-stop  filters 
in  waveguide  appear  to  offer  only  a  moderate  volume  reduction  com¬ 
pared  to  com. entior.ai  cavity-resonator  structures  without  other  impor¬ 
tant  advantages. 

In  the  case  of  a  TEM-line  rejection  filter,  the  reduction  in 
cross  section  can  be  very  large  when  dielectric  resonators  are  used 
in  place  of  conventional  resonators  of  equal  Qu-  A  length  reduction 
is  also  possible  if  the  center  conductor  is  zig-zagged  or  wound  i-i  a 
helix.  A  TEM  structure  consisting  of  a  rod  or  strip  conductor  between 
parallel  planes  is  especially  convenient  for  experimentation.  The 
dielectric  resonator  can  be  machined  to  exhibit  the  desired  resonant 
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frequency  and  then  inserted  betw  on  the  ground  planes  at  the  proper 
distance  from  the  center  conductor  to  provide  the  required  coupling. 
The  small  size  of  the  dielectric  resonator  and  the  absence  of  any  ex¬ 
traneous  coupling  structure  minimizes  the  problem  of  coupling  between 
adjacent  resonators.  Finally,  such  resonators  can  be  tuned  by  adjust¬ 
ments,  which  can  be  built  into  the  structure  in  a  very  simple  manner. 


In  the  following  sections,  the  coupling  between  dielectric  reso¬ 
nators  and  several  TEM-mode  transmission  lines  is  analyzed.  Designs 
f o r  band  —  s .c p  fil to r s  arc  g ive  n  and  cxpc r **n en tal  res ult s  are  pi  e  —  * —  • 

These  show  excelL-r.*,  agreement  with  the  theoretically  predicted 
performance. 


3. 


Dielectric  Resonator  Adjacent  to  a  Propagating  TEM  Line 


a.  Formula  for  Slab  Line  Case 


A  dielectric  resonator  placed  in  the  field  of  a  propa¬ 
gating  transmission  line  as  shown  in  Figure  3-1  will  be  magnetically 
coupled  to  the  line.  For  most  effective  coupling,  the  magnetic -dipole 
axis  of  the  resonator  should  be  in  the  direction  of  the  H  field  of  the 

transmission  line.  This  is  the  case  in  Figuie  3-1,  where  m  "  m_  and 

7 

H  -  H  at  the  center  of  the  dielectric  disk.  At  and  near  resonance, 

y 

the  disk  couples  an  equivalent  parallel-resonant  circuit  in  series  with 
the  transmission  line,  producing  a  rejection  response  between  the  input 
and  output  ports  as  shown  in  Figure  3-2.  The  bandwidth  at  the  3 -do 
insertion-loss  points  increases  with  coupling,  and  the  peak  cf  the 
insertion-loss  curve  increases  both  with  coupling  and  with  the  unloaded 
Q,  Q  ,  of  the  resonator.  The  loaded  C,  Q.  ,  is  defined  as 

U  '  i-j 


f 
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ROD  CENTER  DIELECTRIC  DISK 

CONDUCTOR  DIA.  »  D 

OIA  =  d  LENGTH  =  L 


(c)  COAXIAL  LINE 

Figure  3-1.  Dielectric  Resonator 
Coupled  to  Various  TEM-Mode 
Lines 


'jab  '°  'tab 


Figure  3-2.  Insertion  Loss  Re¬ 
sponse  and  Equivalent  Circuit  for 
Configuration  of  Figure  3-1 


If  Q  =  co  ,  Q  is  equal  to  the  ex- 
u.  1~> 

ternal  Q,  Q  ,  since  in  that  case 
ex 

the  dissipation  of  resonator  energy 
occurs  entirely  in  the  Zq  termi¬ 
nations  at  the  two  ends  of  the 
transmission  line.  The  usual 
relation  between  Q  ,  Q  ,  and 

J_i  u 

Qgx  applies,  as  follows. 


1  1  ,  1 

L  ex  u 


The  formula  for  peak  insertion 

ioss  L  versus  Q  and  O.  was 
p  u  L, 

given  in  the  First  Quarterly 
Report,  page  21 :  * 


V201ogio^ 


A  rigorous  sc  lution  is  not  feasible  for  the  case  of  a  die¬ 
lectric  resonator  in  the  field  of  a  transmission  line.  A  useful  formula 
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Figure  3-3.  Equivalent  Circuits 
Used  in  Analysis  of  Dielectric  Res¬ 
onator  Coupled  to  TEM-Mcde  Line 


may,  however,  be  derived  th-ough 
the  use  of  certain  simplifying  s- 
sumptions.  The  principal  assump¬ 
tion  is  that  the  dielectric  resonator 
may  be  replaced  as  in  Figure  3-3 
by  an  inductive  loop  tuned  to  reso¬ 
nance  by  a  series  capacitor,  the 
stored  energy  and  the  magnetic  - 
dipole  moment  being  respectively 
the  same  for  the  two  situations. 

This  assumption  was  used  success¬ 
fully  in  the  Second  Quarterly  Re¬ 
port  in  the  derivation  of  a  formula 
for  the  coupling-coefficient  be¬ 


tween  two  dielectric  resonators. 
A  generalized  formula  applying  to  any  kind  of  transmission  line  is  de¬ 
rived  below  in  paragraph  (c)  of  this  subsection.  The  general  formula 
is  then  particularized  for  the  slab-line  configuration  of  Figure  3 -1(a), 
yielding  the  following  formula  for  external  Q,  Q  : 


Z  k  b"  ,  .  . 

Q  sixth2 /wx' 

ex  30iF 


(?) 


(3-4) 


where 


F  = 


*omi 


2W 


ml 


(3-5) 


is  a  factor  that  is  a  function  of  the  parameters  of  the  disk.  A  simr.it, 
but  quite  accurate  approximation  for  F  is  given  :n  the  Third  Quarterly 

3 

Report,  as  follows: 

0.  927D4Le 

F  -  - - - -  ,  0.25  s  L/D  s  0.  7  (3-6) 

X.  ^ 

o 
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In  the  useful  L /D  range  of  0.  25  to  0.  7,  this  is  within  2%  of  a  more 
complex  expression  given  in  the  Second  Quarterly  Report. 


Equation  3-4  applies  approximately  to  the  strip-line 
cross  section  in  Figure  3-l{b).  In  the  coaxial-line  case  of  Figure 
3-l(c),  the  following  holds. 


Q 


ex 


r2Z  K 
o  o 

36f 


(3-7) 


b.  Comparison  of  Theoretical  and  Experimental  Data 


Figure  shows  a  comparison  between  carves  com¬ 
puted  frcm  Eqs.  3-4  and  3-6,  and  points  measured  in  a  50 -ohm  slab 


Figure  3-4.  Comparison  Between 
Theoretical  and  Experimental  Qex 
for  a  Dielectric  Disk  Coupled  to  a 
Propagating  Slab  Line 


line.  The  key  dimensions  and 
other  parameters  are  shown  in 
the  figure.  In  computing  the  the¬ 
oretical  curves,  use  was  made  of 
the  measured  values  of  resonant 
frequency  for  the  two  disks. 

The  agreement  in  Figure 
3-4  is  quite  good,  and  is  adequate 
for  design  purposes,  but  a  minor 
anomaly  exists.  The  two  theore¬ 
tical  Qex  curves  are  parallel  to 
each  other  and  in  the  ratio  of 
1.2:1  for  the  disk  lengths  L  -  0.  160 
and  0.  250".  The  experimental 
points  for  these  two  cases,  how¬ 
ever,  do  not  show  any  separation, 
and  appear  to  define  a  single 
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curve.  The  points  fall  mainly  between  the  two  theoretical  curves,  and 
appear  to  favor  the  upper  curve. 

The  quantity  actually  measured  was  the  total  loaded  Q, 

Q.  ,  defined  in  Eq.  3-1.  In  order  to  obtain  Q  ,  Eq.  3-2  was  used  with 
L  ex 

an  assumed  value  of  Q^.  Previous  data  described  in  the  Third  Quarterly 

Report,  page  24,  shows  these  samples  to  have  Q  values  on  the  order 

u  3 

of  7000  when  measured  in  a  large  propagating  waveguide.  In  the  slab¬ 
line  configuration,  the  disk  is  in  close  proximity  to  the  aluminum  ground 
planes.  Proximity  of  a  dielectric  resonator  to  a  metal  wall  results  in 
a  degradation  of  Q  .  Data  in  the  Third  Quarterly  Report,  page  24,  in- 
dicates  Q^  =  5000  to  be  a  reasonable  expectation  for  this  case.  An 
error  in  the  assumed  value  of  Q^  would  have  a  negligible  effect  for 
Q  «  Q  ,  and  only  a  moderate  effect  when  Q  =  0.  3Q  ,  which  is  ap¬ 
proximately  the  highest  value  appearing  in  Figure  3-4.  In  fact, 
any  Q^  value  between  4000  and  7000  will  yield  very  nearly  the  same 
Qex  data,  and  at  the  sensitive  upper  end  of  the  curve  Qex  will  be  af¬ 
fected  by  only  ±8%. 

c.  Derivation  of  Q  Formulas 

ex 

m  its  effect  on  an  external  circuit,  the  resonant  ’cop  of 
Figure  3-3(a)  is  equivalent  to  a  resonant  dielectric  object  when  their 
respective  magnetic  dipole  moments  and  stored  energies  are  equal. 
These  quantities  are  as  follows 

nrij  =  .rdj  (3-8) 

"ml=TLIl2  <3-9> 
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where  A  is  the  area  of  the  loop  and  1^  and  L  are  its  current  and  induct¬ 
ance.  The  loop  couples  an  impedance  Z  =  jX  in  series  with  the  line,  as 
in  Figure  3-3 (b) .  Elementary  circuit  theor-'  applied  to  Figure  3-3(a) 
yields  the  anti-resonant  reactance  function 


(3-10) 


where  L  is 
7  m 

c  =  1/LC. 
o 


the  mutual  inductance  between  the  loop  and  the  line, 
At  uQ,  X  is  infinite,  and  a  rejection  peak  occurs. 


ana 


A  narrow-bandwidth  approximation  for  X  is  as  follows 


X  = 


(3-11) 


At  the  3-db  points. 


X3db 


-  ±2Z 

o 


and 


1  ± 


(u  L  )2 
\  o  m) 

4c  LZ 


(3-12) 


(3-121 


Hence 


Q 


ex 


f  2 co  LZ 


o  o  o 


(3-14) 
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Next  make  use  of  the  following  relations  for  the  voltage 
Vj  induced  in  the  loop  by  I  and  by  dB/dt  =  jco^p^H. 


V  ,  =  jto  L  I 

1  J  o  m 

i3-15) 

and 

vi  =  *Vo//9  •  d-a 

(3-16) 

A 

where  integration  is  over  the  loop  area  A,  and  II  is  the 

magnetic  field 

throufeh  A  due  to  the  transmission-line  current  I.  If  H 
to  the  loop  area. 

is  perpendicular 

V1  =  ^o^o  jfH  da  155  j“o^HA 

(3-17) 

A 

where  in  the  latter  expression,  H  is  a  mean  value  of  H  on  the  surface 

A,  and  is  approximately  equal  to  the  value  of  H  at  the  center  of  A. 

Equations  3-15  and  3-16  give 

CO  L  =  °Y0  fin  .  da  =  5=3.  fjn  .  da 

om  I  -  -  a.  I  JJ  - 

A  0  A 

(3-18) 

since  co  (i  =  2ur|/\  ,  where  n  =  120ir  ohms  is  the  characteristic  imped- 
O  O  0 

ance  of  free  space.  Equations  3-8  and  3-9  give 

m. 

V-7T 

L--^- 

(3-19) 

(3-20) 
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Equations  3-18  —  3-20  may  now  be  substituted  in  Eq.  3-14  to  yield 


Q 


ex 


/2W  ,  \ 

1  \ 

\ 

?  2 

2  I~A 
o  o 

a.  Z  I2 
o  o 

[  1 1 
Voml  / 

i  // «  •  da 

7  TTFqH2 

L  A 

(3-21) 


The  factor 


V^i 
2\v  : 


(3-22) 


?  3  4 

has  occurred  in  previous  analyses  on  this  program,  ’  '  and  is  a 
function  of  the  dimensional  and  electrical  parameters  of  the  dielectric 
resonator.  A  simplified  formula  for  F  is  given  in  Eq.  3-6. 


Equation  3-21  applies  to  a  dielectric  resonator  in  the 
H  field  of  any  TEM-mode  line.  (In  fact,  with  proper  normalization  of 
Zq  and  I,  it  can  also  be  applied  to  the  case  of  a  dielectric  resonator  in 
a  propagating  waveguide.)  To  apply  Eq.  3-21  to  a  coaxial  line,  strip 
line,  slab  line,  two-wire  line,  etc.  ,  it  is  merely  necessary  to  eval¬ 
uate  the  following 


XA-Jfb  (3-23) 

A 

for  the  specific  cross  section.  The  ratio  H/I  is  a  function  of  x  and  y 
in  the  transmission-line  cross  section.  It  may  be  determined  by  con¬ 
formal  mapping  or  oJier  mathematical  techniques. 


In  coaxial  line,  for  example. 


H  1 

T  =  2Fr~ 


(3-24) 
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where  r  is  any  radius  between  the  inner  outer  conductor,  and  H  is 
circumferentially  directed.  Thus,  in  coaxial  line  (Figure  3-lc), 


O 


tZK 


r2Z  X 
o  o 

"TOT 


(3-25) 


Slab  line  is  an  especially  useful  configuration  for 
dielectric-resonator  band -reject-filter  design.  The  following  formula 
has  been  shown  to  apply  along  the  x-axic  when  d  «  b. 

H„  = - I— ^  \3-26) 

'  Zb  sinh  — 


The  geometry  is  as  in  Figure  3-1.  Note  that  for  rrx/b  «  1,  Hy  =  I/ar.x, 
which  agrees  with  Eq.  3-Z4.  Also,  for  trx/b  »  1,  -  (X/b)e-1TX^b, 

which  indicates  a  transverse  attenuation  constant  of  u/b  nepers  or 
2?.3/b  db,  as  should  be  expected  for  a  slab  or  strip  line. 

When  Eq.  3-26  is  substituted  in  Eq.  3-21,  the  formula 
given  in  Eq.  3-4  is  obtained.  The  condition  d  «  b  that  was  placed  on 
Eq.  3-26  is  not  especially  stringent.  Further  analysis  shows  3-26 
to  be  valid  within  a  few  percent  for  ZQ  a  50  ohms  and  a  s  0.  -5b. 

4.  Design  of  Band-Stop  Filters  in  TEM  Lines 

The  design  of  band-stop  (band-rejection)  filters  exhibiting  pie- 
scribed  insertion  loss  characteristics  has  been  described  by  Yeung, 
et  al  in  terms  ox  the  elements  of  a  low-pass  prototype  filter.  For 
a  filter  having  a  narrow  bandwidth,  the  external  Q's  of  the  individual 
resonators  can  be  expressed  directly  in  terms  of  the  elements  of  the 
low-pass  prototype  filter  and  the  parameters  of  the  frequency  trans¬ 
formation.  In  the  circuit  of  Figure  4-1,  the  low-pass  prototype 
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(o)  DIELECTRIC  RESONATOR  BAND  STOP  FILTER 

— ~tOi — tO° - 

(2r*l)i— (« - *j  L—  ,4— 

-c — i — 4 — i — i — 0 - 0 — *- 

(b)  EQUIVALENT  CIRCUIT  FOR  So! 


*1  5j  2. 


ft  ■  EVEN  ft-ODO 


structure  is  realized  by  dielectric 
resonators  coupird  in  series  with 
the  transmission  liie  at  intervals 
equal  to  an.  odd  multiple  of  a  quar¬ 
ter  wavelength.  Young  defines  a 

5  6 

susceptance  slope  function  ’ 


(4-1) 


wh..-  r-.'  B  is  the  susceptance  of  the 
ith  resonator.  For  the  constant- 
admittance  line  structure  of  Fig- 

C  L 

ure  4-1,  it  has  been  shown,  that  ’ 


(c)  LOW-PASS  PROTOTYPE  OF  (b) 

Figure  4-1.  Slab  Line  Band  Stop 
Filter 


b. 

l 


wg. 


(4-2) 


At  the  3 -db -bandwidth  points  of  an 
individual  resonator,  the  suscep¬ 
tance  in  series  with  the  line  is  equal  to  -Y  / 2  or  +Y  /2,  while  at  co 

o  o  o 

the  susceptance  is  zero.  Thus,  dB  is  equal  to  Yq/2  when  do  c.  rres- 
ponds  to  half  of  the  3-db  bandwidth.  Then,  from  Eq.  4-1, 


b. 

i 


(4-3) 


co 

where  Qex^  r  *s  t^ie  external  Q  of  the  ith  resonator.  Then,  sub¬ 
stituting  Eq.  4-3  in  Eq.  4-2,  one  obtains 


2 

co'iWgi 


(4-4) 
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where  w  is  the  normalized  bandwidth  corresponding  to  the  low-pass 
prototype  frequency  oo'j  (see  Figure  4-2). 


OR 


OR 


BAND  STOP  RESPONSES 

«K 2~  U)( 

“o 

RIPPLE  AMPLITUDE  IN  db 


Figure  4-2.  Ideal  Filter  Characteristics 


A  three-resonator  band-stop  filter  was  designed  to  exhibit  a 
3-db  rejection  bandwidth  of  17.3  Me  at  3394  Me  with  a  0.  01-db  ripple 
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pass-band  characteristic.  (Equal  ripple  bandwidth  is  theoretically 
32.  5  Me  in  this  case. )  From  Eq.  4-4,  and  by  use  of  tables  of  element 
values  for  the  0.  01-db  ripple  case,  it  was  determined  that  the  end 
resonators  should  have  external  Q's  of  331  and  the  center  resonator 
should  have  an  external  Q  of  214. 

An  experimental  filter  was  constructed  in  a  s’ab  line,  having 
0.430"  ground-plane  spacing  and  a  center-conductor  diameter  0.  236". 

A  shorting  block,  containing  a  1/4"  tuning  screw,  was  mounted  between 
the  ground  planes  adjacent  to  each  resonator.  Three  dielectiic  reso¬ 
nator  samples  wei*_  grc  -id  to  0.393"  diameter.  The  height  of  each 
resonator  was  ground  =>o  that,  when  mounted  in  the  slab  line,  it  would 
resonate  at  approximately  3390  Me.  The  end  resonators  had  heights 
of  0.  240"  while  the  center  resonator  height  was  0.  230".  Fine  tuning 
was  accomplished  by  means  of  the  tuning  screws.  A  photograph  of  the 
experimental  filter  structure,  with  the  top  ground  plane  removed,  is 
shown  in  Figure  4-3.  Note  that  adjacent  resonators  are  placed  on 
opposite  sides  of  the  center  conductor  to  minimize  direct  coupling 
between  resonators.  In  addition,  shorting  posts  were  placed  between 
the  ground  planes  surrounding  the  resonators.  However,  later  test 
results  demonstrated  that  performance  was  not  affected  when  the 
shorting  posts  were  removed.  It  was  concluded  that  direct  coupling 
between  resonators  and  the  excitation  of  parallel-plate  modes  in  the 
slab  line  were  not  sufficiently  strong  to  be  of  concern.  A  substantial 
reduction  in  width  would,  of  course,  be  feasible  in  Figure  4-3. 

Data  was  taken  to  determine  the  external  Q  of  each  resonator 
as  a  function  of  center-conductor-to-resonator  spacing.  A  value  of 
Qu  =  5000  was  assumed  in  obtaining  Qgx  from  the  measurements  of 
Q^.  Theoretical  values  of  were  computed,  by  means  of  Eq.  4-4, 
for  prescribed  filter  characteristics.  The  resonators  were  then 
placed  on  the  slab  line  at  3\/4  intervals  and  with  spacings  from  die 
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Figure  4-3.  Photo  of  Slab  Line  Band  Stop  Filter 

center  conductor  to  yield  the  required  resonator  Qn^.  values.  Each 
resonator  was  tuned  to  the  prescribed  center  frequency  by  means  of 
the  tuning  screw.  Minor  adjustments  were  required  in  the  positions 
of  the  resonators  and  the  tuning  screws  in  order  to  obtain  the  correct 
filter  performance. 

Figure  4-4  compares  the  experimental  performance  of  a  three- 
resonator,  0.  01-db  ripple  filter  with  a  17.3-Mc  3-db  rejection  band¬ 
width  to  the  theoretical  characteristics.  The  external  Q  of  each 
resonator  was  then  determined  by  measuring  the  final  position  of  the 
resonator  in  the  filter  assembly.  These  values  of  Q  ,  neglecting 
the  effects  of  the  tuning  screw,  are  compared  to  the  theoretical  values. 
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Qex 

(Theoretical) 

(Experimental) 

3  db  Bandwidth 

17.3  Me  18.3  Me  18.  9  Me 

Input  Resonator 

331 

312 

303 

305 

Center  Resonator 

214 

202 

196 

212 

Output  Resonator 

331 

312 

303 

323 

It  can  be  seen  that  relatively  small  changes  in  Q&x  will  affect 

the  bandwidth  of  the  filter.  Such  changes  can  be  introduced  by  the 

tuning  screws.  To  demonstrate  this,  the  position  of  the  resonators 

was  ieft  unchanged  and  the  tuning  screws  were  readjusted  tv  provide 

a  wider  bandwidth.  The  filter  characteristics  that  were  obtained  are 

compared  to  the  theoretical  response  of  a  0.  01-db  ripple  filter  with 

an  18.  9  Me  3  db  bandwidth  in  Figure  4-5.  It  was  noted  that  the  in 

sertion  loss  as  determined  from  transmission  measurements  was 

approximately  1  db  greater  than  the  insertion  loss  due  to  reflections 

at  the  theoretical  3-db  point.  This  data  compared  well  with  a  calcu- 

4  5 

lated  value,  (using  a  formula  derived  by  Young,  ’  )  of  approximately 
0.  9  db  loss  due  to  dissipation  at  this  point. 

Similar  agreement  between  theoretical  and  experimental  re¬ 
sults  was  obtained  for  a  two-resonator,  0.  1-db  ripple  filter  with  a 
9-Mc,  3-db  rejection  bandwidth  and  a  three-resonator,  0.  1-db  ripple 
filter  with  a  24-Mc,  3-d’o  rejection  bandwidth. 

Measurements  were  also  made  to  determine  the  effect  of  a 
tuning  screw  upon  the  characteristics  of  a  single  resonator.  It  was 
observed  that  from  zero  insertion  of  the  screw  to  the  point  of  contact 
the  resonant  frequency  increased  by  approximately  10  Me.  This  was 
accompanied  by  an  increase  of  approximately  0.  7  Me  in  the  3-db  band¬ 
width  of  the  resonator  when  it  was  tightly  coupled  io  the  transmission 
line  (Qj^  =  215)  and  0.4  Me  when  the  resonator  was  more  loosely 
coupled  to  the  line  (Q^  =  385). 
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Figure  4-4.  Response  of  3  Reso¬ 
nator  Band  Stop  Filter  in  Slab 
Lrne,  Alignment  1 


Figure  4-5.  Response  of  3  Reso¬ 
nator  Band  Filter  in  Slab 

Line,  Alignment  2 


It  has  therefore  been  demonstrated  that  band  stop  Liters  using 
dielectric  resonators  coupled  to  TEM  lines  can  oe  designed  and  con¬ 
structed.  Analytic  techniques,  or  a  combination  of  analytic  and  ex¬ 
perimental  techniques,  can  be  employed  to  determine  the  size  and 
location  of  the  resonators  within  the  TEM  line.  Sufficient  accurac> 
is  obtained,  for  most  applications,  so  that  only  simple  tuning  and 
alignment  techniques  need  be  employed  in  adjusting  the  filter  for  its 
prescribed  performance. 


5. 


Dielectric  Constant  Measurements 


Ten  samples  of  dielectric  materials  have  been  received  from 
U.  S.  Army  Electronics  Laboratories.  Seven  of  these  samples  were 
of  TiO^i  one  was  barium  titanate,  one  a  mixture  of  barium  titanate, 
and  one  was  PbZrO^.  The  latter  three  samples  did  not  exhibit  any 
resonances  and  therefore  no  data  were  obtained.  Of  the  remaining 
seven  samples,  one  was  broken  in  transit  and  could  not  be  tested. 
Data  for  the  remaining  six  are  shown  in  Table  5-1.  The  correlation 
between  sample  density  and  dielectric  constant  observed  in  earlier 
tests  was  fccrue  out  by  tvs  latest  samples.  This  is  illustrated  in 
Figure  5-1  where  some  of  the  earlier  TiO£  samples  are  included 
for  comparison. 


Figure  5-1.  Dielectric  Const?  ts  of  . 
Samples  as  a  Function  of  Sample  Density 
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TABLE  5-1 


DIELECTRIC  MATERIALS 


Sample 

Firing  Process 

e 

r 

Results 

Density 

gm/in’ 

Q 

1.  TiC^  (Baker’s) 

Hot  pressed,  5000  psi, 
2260°F,  20  min.  hold 
time. 

2000°F  in  C2  for  12 
hours. 

111.  9 

68.  6 

5,700 

2.  R-200  TiC? 
(Dupont) 

Hot  tressed,  5000  psi, 

Broken 

sample; 

2250°F,  20  min.  hold 
time. 

2000°F  in  02  for  12 
hours. 

inadequ 

ate  for  te 

st. 

3.  R-200  TiOz 

Hot  pressed,  5000  psi, 
2300°F,  20  min.  hold 
time. 

2000°F  in  02  for  12 
hour  s . 

113.  5 

68.  5 

9,500 

4.  TiC?  (Nat'l 

Lead  - 
MP-1949) 

Hot  pressed,  5000  psi, 
2250°F,  20  min.  hold 
time. 

2000°F  in  C>2  for  12 
hours. 

86.  0 

47.8 

* 

5.  Ti02  (Nat’l 

Lead  - 
MP-1949) 

Hot  pressed,  5000  psi, 
2260°F,  20  min.  hold 
time. 

2000°F,  in  C>2  for  12 
hours. 

103.  5 

66.  4 

11,800 

No  Q  data  taken.  Resonant  frequency  in  band  rejection  mode  of  oper¬ 
ation  inconsistent  with  those  of  other  samojis  and  those  observed 
during  radial  line  dielectrometer  measure. uents.  Further  measure¬ 
ments  indicated  Mgnificant  anisotropy  in  this  sample. 
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Sample 


6.  TiO  (Nat'l 
Lead  - 
MP- 1949) 


7.  TiC>2  (Baker's) 


8.  Bi .  i  LO.  , 

4  3  i2 

9.  Bi4Ti3Oi2(-60) 
TiO2(.40) 


10.  PbZr03  (TAM 
Lot  No.  1) 


TA.BLE  5-1  (Cont'd) 


Firing  Process 

B 

Results 

Density 

gm/inS 

C 

"  . 1 

Hot  pressed,  5000  psi, 
2250°F,  20  min.  hold 
time. 

99.9 

64.  5 

11,  000 

2000°F  in  02  for  12 
hours. 

Reg.  Fired,  2600°F 
two  hours. 

104. 00 

67.8 

5,  500 

i 

Did  not  resonate. 

Hot  pressed 

1 

Did  not  resonate. 

1 

Did  not 

resonate. 
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SECTION  V 


CONCLUSIONS 

The  use  of  dielectric  resonators  in  TEM-mode  transmission 

line  to  achieve  band-stop  filters  has  been  successfully  demonstrated. 

A  theoretical  analysis  of  Q  has  resulted  in  a  simple  formula  that 

ex 

agrees  well  with  measured  data.  Application  of  this  formula  to  several 
experimental  band-stop  filters  in  a  slab-line  cross  section  yielded  good 
correlation  between  computed  and  experimental  insertion-loss  response. 

Various  TiO-  samples  were  measured.  Several  had  cue!  metric 
£ 

constants  as  high  as  113.  5.  These  samples  had  been  hot  pressed  at 
very  high  pressures  and  temperatures,  yielding  in  most  cases  higher 
densities  than  previous  samples.  The  values  varied  from  5700 
to  1 1 , 800. 
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SECTION  VI 


I  PROGRAM  FOR  NEXT  INTERVAL 

Techniques  will  be  considered  for  achieving  tight  end  loading 
between  external  transmission  lines  and  dielectric-resonator  band¬ 
pass  filters.  Rectangular  waveguide  loading  of  resonators  in  both  the 
axial  and  transverse  orientations  will  be  considered.  The  band-pass 
configuration  of  axially  oriented  resonators  in  a  cut-off  circular  tube 
will  be  investigated  theoretically  and  experimentally. 
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